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It is recognized that there exist in every community a considerable 
number of healthy people who harbor in the upper respiratory tract 
pathogenic  microorganisms  such as streptococci, diphtheria  bacilli, 
and  meningococci.  While  these  "carriers"  are  to  be  regarded  as 
storehouses of bacteria which may ultimately lead to the production 
of disease in other people, it has become clear that they are for the 
most part  quite innocuous under the average conditions of human 
association,  and  that  some  special  combination  of  circumstances 
is necessary before secondary carriers or instances of clinical disease 
will  develop.  The  exact  analysis  of  the  factors  which  determine 
such  spread  of  infection is  not  only  of  interest  from  a  biological 
standpoint,  but  is  also  of  the  utmost practical  importance in  the 
standardization  of  public  health  measures. 
On  the  basis  of  clinical  observations  and  test-tube  experiments 
it was suggested in  a  previous paper  (1)  that  the dose of bacteria 
and the degree of their vegetative activity were at least two factors 
which were significant in determining whether or not infection will 
develop in  a  susceptible host.  The matter was discussed in  detail 
at  that  time and the present communication deals with animal ex- 
periments  which  extend  and  confirm  the  conclusions  previously 
reached,  especially with reference to  the  relation of dose to  group 
infection. 
It has been definitely established in experimental work that dosage 
bears an important relation to infection.  In general, the larger the 
dose the greater is the likelihood that infection will take place, al- 
though if one deals with a population which is highly susceptible to a 
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certain organism, even a minute number of the bacteria will regularly 
produce disease, as for example in the case of mice inoculated with 
fixed type pneurnococci.  But with a population which on the whole 
is  highly resistant  to  a  given  infectious agent  the  situation  is  less 
clearly understood.  Webster (2), for example, in another connection 
has  noted  that  an  increase of dose  of  one  thousand-fold increases 
the moxtality from mouse typhoid  infection in  mice only from 40 
per cent to 75 per cent, and one of Topley's experiments (3) suggests 
a  similar state of affairs.  It is evident therefore that under certain 
conditions  no  direct  proportion  exists  between  size  of  dose  and 
likelihood of infection. 
Clinical observations  on  the effect of crowding, which have been 
discussed in detail in the previous paper, suggest that in the presence 
of  carriers  of  certain  varieties  of pathogenic bacteria  a  very  high 
degree  of  intimate  contact  is  necessary  before  spread  of  infection 
takes place at  all; that as the degree of contact is reduced there is 
not a  gradual falling off in  the number of secondary infections but 
at  a  certain point  they diminish with  great abruptness  to  a  figure 
approximating zero.  In other words, it  seems probable  that  people 
who  are relatively resistant  to  a  certain  organism  must  receive  a 
dose greater than some critical value before any infection will result, 
and  that smaller doses,  even if pathogenic bacteria are actually re- 
ceived, for example into the upper air passages, will be quite inade- 
quate, other things being  equal, to colonize, to invade, or to produce 
disease.  Such  an idea explains the usual harmlessness of the diph- 
theria  bacillus,  streptococcus, or  meningococcus carrier.  His  asso- 
ciates  acquire  the  organisms,  to  be  sure,  but  under  ordinary 
conditions of  contact only a  subcritical dose in the  sense  indicated 
above. 
In  the present  experiments an  attempt was  made to  analyze in 
vivo  the relation between dosage and resulting group infection. 
Methods. 
It seemed best to choose an experimental host whose susceptibility 
to  the  organism employed was  of the  same general degree as  that 
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infection.  White  mice  and  hemolytic  streptococcus  were  finally 
selected as fulfilling these conditions. 
The animals all came from the same breeder, and while they were of about the 
same size, no attempt was made to have exact uniformity of age, weight, or sex. 
The  usual  methods of feeding and Caging were used and  there was practically 
no trouble from spontaneous infection or cannibalism.  The hemolytic streptococci 
used  in  most  of  the  experiments were  originally isolated  from  cases  of acute 
tonsillitis and were of the  beta  type  (Brown).  They were shown to be colony- 
pure by numerous platings, and were preserved on human blood agar from  which 
transfers to broth were made for the experiments.  Broth cultures  were centri- 
fuged and the growth resuspended before inoculation.  In this way confusion from 
introduction of culture fluid was avoided.  Careful counts of  the culture  by the 
plate method were always made just before the experiment was done. 
All inoculations were made intraperitoneally and the various doses of bacteria 
were in each case suspended in 0.5 cc. of broth or salt solution so that the volume 
of fluid injected was always uniform. 
At 24 hour intervals after inoculation small amounts of peritoneal exudate were 
withdrawn from the mouse  by capillary pipette.  A  standard  loop of  the fluid 
was cultured in blood agar and smears were studied in respect to cellular reaction, 
number of bacteria, phagocytosis, etc.  Autopsies were made as soon as possible 
after death and the heart's blood, peritoneum, and pleura were cultured.  Death 
was  regarded  as  specific if  hemolytic streptococci were  recovered  at  autopsy 
from one or more situations in large numbers and if other bacteria were absent or 
obtained only in small numbers. 
Several types of reaction to the inoculations were observed and they 
may  now  be  appropriately  described. 
Course of Streptococcus Infection in the Mouse Following Intraperitoneal 
Inoculation. 
1. Primary Specific Death.--There is a prompt and rapid growth of the bacteria 
and the animal dies in 24 hours or less.  No gross lesions are found but innumer- 
able organisms are present in peritoneum and heart's blood, and peritoneal exudate 
shows only a  few fragmented leucocytes.  There are variable degrees of phago- 
cytosis.  The animal is apparently overwhelmed by the infection and offers little 
resistance as evidenced by cellular reaction. 
2. Delayed Primary Specific Death.--The animal at first appears to overcome 
the infection.  After 24  hours  the peritoneal exudate  shows  great numbers  of 
leucocytes with active phagocytosis and relatively few bacteria.  But  within 48 
hours death occurs with similar findings to those in Group I. 682  DOSE O~" BACTERIA AND  GROUP INI~ECTION 
3. Secondary Specific Death.--Peritoneal  puncture at 24 hom~ shows  profuse 
leucocytic exudate and the streptococci have disappeared.  The animal may ap- 
pear well for several days but eventually dies  and at autopsy shows  but little 
peritoneal reaction and few organisms in the peritoneum, but a general infection 
is present  with  positive blood culture  and  local lesions  in  lungs,  pleurm,  and 
viscera.  Secondary invasion by other bacteria may take place in this group. 
4. Survival.--In  those  animals  which  survive,  the  peritoneum  at  24  hours 
almost invariably shows abundant exudate with many leucocytes but no bacteria 
either in smear or on culture. 
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All  the  data  are  shown  in  the  protocols,  but  a  consideration  of 
these  types  of reaction  indicates  the  necessity of selecting  a  definite 
criterion  for  comparison  of  the  effects  of  various  doses  of  bacteria. 
In  the  present  work  we  were  concerned  strictly  with  the  relation 
of  initiation  of  infection  to  dose.  It  seemed  logical,  therefore,  to 
be  guided  by  the  findings  on  peritoneal  puncture  24  hours  after 
inoculation,  regardless of subsequent death or survival of the animal. 
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(a) Experiment 1;  (b) Experi-  CItART 1, a tof.  Graph of Experiments 1 to 6. 
meat 2; (c) Experiment 3;  (d) Experiment 4; (e) Experiment 5; (f) Experiment 6. 
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If  the  24  hour smear  showed  innumerable  streptococci it  was  clear 
that infection had been initiated.  If no bacteria were seen infection 
was not considered as having taken place even if it turned out later 
that a  few bacteria had actually survived and had gone on to produce 
Experiments  1  to 6. 
Mouse No.  Dose.  No. of bacteria injected.  Result. 
24 hr. peritoneal puncture. 
Experiment 1.  Nine mice.  6 hr.  broth culture of Streptococcus 205  injected in de- 
creasing amounts. 
1/4 
1/16 
1/64 
1/250 
1/1,00o 
1/4,000 
1/16,000 
1/64,000 
11250,000 
37,500,000 
9,350,000 
2,500,000 
600,000 
153,000 
38,400 
9,600 
2,400 
600 
D. 36 hrs. 
S. 7 days. 
it  7  g~ 
cc  7  gc 
About 100. 
"  100. 
"  100. 
"  100. 
"  100. 
"  100. 
"  100. 
"  100. 
"  100. 
0  oo  * 
0  0 
0  0 
0  0 
0  0 
0  0 
0  0 
0  0 
0  0 
Experiment 2.  Eight mice.  6 hr. broth culture of Strain R injected in decreasing amounts 
1 
2; 3; 4; 
5; 6; 7; 
8 
1 
1,4; 1/16; 1/64; 
1/250; 1/1,000; 
1/4,ooo; 
1/16,000 
7,600,000 
1,900,000; 475,000; 
118,700;  29,700; 
7,400; 1,800; 
450 
D. 12 hrs. 
S. 7 days.  About 200. 
o  ~t 
0  0 
Experiment 3.  Eight mice.  5 hr. ascites broth culture of Streptococcus R  injected in 
decreasing amounts. 
4; 5; 6; 
7; 8 
2 
1/2 
1/8 
1/32; 1/128; 
1/500; 1/2,000; 
1/8,ooo 
28,000,000 
7,000,000 
1,750,000 
437,000; 109,000; 
27,000; 6,700; 
1,670 
D.  9hrs. 
"  18  " 
"  18  " 
S. 6 days. 
20 
10 
20 
About 100. 
* 00  =  innumerable. 
t Postmortem. 
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Mouse  No.  Dose,  No. of bacteria  injected.  Result. 
24 hr. peritoneal  puncture. 
o'd'O 
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Experiment 4.  Eight Mice.  5 hr. ascites broth culture of Streptococcus R  injected in 
decreasing  amounts. 
6; 7; 8 
CC. 
2 
1/2 
U8 
1/32 
1/128 
1/500; 1/2,000; 
1/8,ooo 
140,000,000 
35,000,000 
8,75O,O0O 
2,180,000 
540,000 
135,000;  33,700; 
8,400 
D. 16 hrs. 
"  16  " 
S. 3 days. 
D. 18 hrs. 
"  16  " 
S. 
Few.  0 
"  0 
"  0 
None.  0 
Few.  0 
About 100.  0 
oot 
~t 
oO 
~t 
~f 
Experiment 5.  Five mice.  3 day ascites broth culture of Streptococcus R  injected in 
decreasing amounts. 
1  102,000,000  D.  22 hrs.  Few. 
25,500,000 
6,300,000 
1,570,000 
390,000 
S. 6 days. 
~  6  ~ 
About 100. 
"  100. 
"  100. 
"  100. 
o  oo~ 
0  0 
0  0 
0  0 
0  0 
Experiment 6.  Nine mice.  day broth culture of Streptococcus 205 injected in decreasing 
amounts. 
1  112,000,000  D. 36 hrs.  About 200. 
56,000,000 
14,000,000 
3,580,000 
890,000 
224,000 
56,000 
14,000 
3,500 
S. 7 days. 
~  7  ~ 
"  200. 
"  200. 
"  200. 
"  200. 
"  200. 
"  200. 
"  200. 
"  200. 
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0  0 
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a  late reaction.  Only rarely was  there  a  border  line  finding;  at  24 
hours the peritoneum was either free of organisms  (smear)  or showed 
them in overwhelming numbers. 
EXPERIMENTS. 
It seemed advisable before studying group infection to discover the 
effect of decreasing doses of bacteria injected into single series of mice. ARTHUR  L.  BLOOMFIELD  AND  AUGUSTUS  R.  FELTY  685 
Discussion of Experiments 1 to 6.--A consideration of the protocols 
shows a  state of affairs strikingly similar to  that  brought  out by the 
previously reported test-tube experiments.  It is seen that as the dose 
of bacteria  is  decreased  by one-half  or  by three-fourths  there  is  a 
critical  point  below  which  infection  was  not  initiated.  Whereas  a 
certain dose led to tremendous growth in the mouse peritoneum in 24 
hours, the succeeding dose resulted not in a slower multiplication but 
in a  total failure to initiate infection.  The results are shown graphi- 
cally in  Chart  1.  It will appear  later  that  occasionally  there  is  a 
border line reaction,  but in the vast majority of cases either prompt 
infection or complete lack of initiation occurs. 
The  next  experiments  deal  with  the  effects  of  various  doses  of 
bacteria injected into groups of mice.  The attempt was made roughly 
to parallel  a  population  of fairly uniform resistance  to streptococcus 
exposed in varying degree to the risk of infection. 
Experiment 7 A.--Twenty mice.  Five cages of four mice each.  23 hour meat 
infusion broth (pH 7.4) culture of Streptococcus 205 centrifuged, resuspended in 
broth,  and  injected  intraperitoneally  in  decreasing concentration.  Count  of 
culture before inoculation about 200 million per cc. 
It is immediately apparent that mortality rates in the various groups 
were not proportional to the dose of culture.  In a general way death 
occurred more frequently and more rapidly with  the larger  inocula- 
tions, but No. 3, receiving a maximum dose, survived 6 days and died 
a non-specific death, and Nos. 19 and 20 died whereas Nos. 9 and 12, 
receiving  four  times  the  dose,  survived.  These  variations  are  evi- 
dently to be explained by differences of resistance of individual mice, 
and the point to be stressed is that, regardless of dose,  the  mortality 
was high in each group. 
Considered from the point of view of immediate initiation of infec- 
tion  the  results  are  even  more  striking.  The  24  hour  peritoneal 
punctures show that reduction of dose from 1.0 cc. to 0.5 cc. led to an 
abrupt change in reaction.  With doses of 0.5 cc. or less there was no 
evidence of peritoneal multiplication  in 24 hours,  and  all the deaths 
which later occurred-were secondary in type.  With doses of 1 cc. or 
above, on the other hand,  primary infection occurred in six of eight 
cases. DOSE  OF  BACTERIA  AND  GROUP  INFECTION
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Experiment 7 B.--Twenty mice.  Five cages of four mice each.  23 hour  meat 
infusion broth (pH 7.4)  culture of Streptococcus 205 centrifuged,  resuspended in 
broth,  and  injected  intraperitoneally  in  decreasing  concentration.  Count  of 
culture before inoculation about 200 million per cc. 
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C~IA~ 2.  Graph of Experiment 7. 
In this experiment all the mice except two in the last group eventu- 
ally died.  But within each group great variations in reaction are seen 
as indicated by the peritoneal punctures and the  time of survival. 
Thus Nos. 18 and 20 died in 36 hours with an immediate overwhelming 
reaction, while No. 7 which received eight times the dose nearly over- 
came the infection and survived for 5 days. ARTHUR  L.  BLOOMFIELD  AND  AUGUSTUS  1~.  I~ELTY  693 
Experiment 7 C.--Forty-three mice. One cage with one mouse, six cages with 
five mice, three cages with four mice.  23 hour meat irdusion  broth  (pH 7.4) cul- 
ture of Streptococcus 205 centrifuged, resuspended in broth, and  injected intra- 
peritoneally in decreasing concentrations.  Count of culture before inoculation 
about 200 million  per cc. 
In  this  experiment  a  wider  range  of  dosage  was  used.  Events 
among Mice  1  to 31  correspond with those brought out in Experi- 
ments 7 A and 7 B.  But when the dose was decreased from 0.0039 cc. 
to 0.001 cc. the mortality abruptly fell to zero. 
In Chart 2 the results of Experiments 7 A,  7 B, and 7 C, together 
with certain other similar observations, are graphically reproduced. 
The logs of the numbers of bacteria are plotted as  abscissa~ and the 
percentage mortalities for all the groups receiving a  uniform dose are 
plotted  as  ordinates.  The  total number  of bacteria  and  the  total 
number of animals in each group are also indicated.  Conditions as 
regards the bacteria were as uniform as  possible  except for  dosage, 
but  the  curve must  receive  a  liberal  interpretation inasmuch as  it 
represents the composite result of several experiments.  However, it 
offers a  fair analogy to conditions as they perhaps exist in a  human 
community containing many streptococcus  carriers  and  many sus- 
ceptibles.  It is  seen  that  decrease in dosage does not run parallel 
with  decrease  in  mortality.  In  the  zone  above  400,000  bacterial 
infection is likely to occur to some extent regardless of dose; in the 
zone below 200,000  infection never took place. 
In the next experiment similar methods were used but an attempt 
was made to increase ' 'resistance" of the mice as a whole by suspend- 
ing the bacteria in salt solution instead of in broth. 
Experiment &--Forty-five mice.  Eleven  cages of four mice, one cage of one 
mouse.  23 hour meat infusion  broth (ph 7.4) culture of Streptococcus 205  centri- 
fuged and resuspended in salt solution. Count of culture before injection about 
200 million  per cc. 
The results as  shown in  the protocol and in  Chart 3  correspond 
closely with those of Experiment 7 save that the critical point above 
which infection occurred corresponded to a  larger dose of bacteria. 
Experimen~ 9.--Forty-six  mice in groups of five or  six received decreasing 
amounts of a 6 hour ascites broth culture of Streptococcus R.  The  results are 
shown in the protocol and in Chart 4 and correspond essentially with those  pre- 
viously described. 694 
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Expe
Mouse No.
1; 2;  3; 4; 5; 6
7;  8; 9;  10; 11;  12
13;  14;  15;  16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36;  37; 38; 39
40
41
No. of bacteria
injected.
14,000,000
4,600,000
1,500,000
1,500,000
500,000
500,000
500,000
500,000
500,000
500,000
175,000
175,000
175,000
175,000
175,000
175,000
57,000
57,000
57,000
57,000
57,000
57,000
19,000
19,0 )0
19,000
Outcome.
D.  16 hrs.
"  16"
"  16"
"19"
"  16"
"  36  "
S.  7 days.
D.  30 hrs.
'" 24  "
S.  7  days.
D.  7  "
"  7  "
"  4  "
c  2  c
"  6  "
"  23 hrs.
"  23  "
"  6 days.
7  "
S.  7  "
D.  6
it  5 
S.  7  "
D.  7
S.  7  "
24 hr. peritoneal puncture.
White
blood  cor-
puscles
per field.
100
25
Few.
10
200
200
200
100
25
1-200
Few.
200
200
200
200
200
200
200
200 200
Phagocy-
tosis.
0
0
0
0
0
++
0
0
0
0
0
0
+
0 0
0
0
0
0
Streptococci.
oo
0
++++
oo
0
None extra-
cellular.
0
0
++
0
o
o0
None extra-
cellular.
0
0
0
0
0
0
0
42;  43; 44; 45;  46
Staini
Good.
Good.
.t
Good
Good
.
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Postmortem puncture.
White
ood cor-
ouscles
er field.
ew.
Ic
IC
cC
'ew.
50
Phagocy-
tosis.
0
0
0
0
Slight.
0
0
0
0
0
0
Specimens  lost-
Few. 0
0
0
Streptococci.
o00
oc
oo
co
Many.
0o
so
so
,robably specific
Few streptococci
Many other
bacteria.
oo
Staining
Good.
9  9
eath.
Good.
Lesions.
No gross lesions.
cc  cc  CC
c  IC  cc
Peritonitis.
Empyema.
Pneumonia.
No gross lesions.
Abscess in groin.
Peritonitis.
'C
Remarks.
Culture of heart's blood
++.
Possibly  non-specific
death.
ent 9.
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Discussion  of Experiments 7 to 9.--The  essential  point  which  has 
been brought out is that with a population (mice) whose resistance as 
a  whole to a  certain  organism  is great there exists a  critical zone of 
dosage above which a  high  incidence of infection follows, and  below 
which  infection  does not  occur at  all,  despite  the  injection  of large 
numbers  of viable organisms.  The  largest  doses which  the  animals 
uniformly survived would correspond roughly to 10 billion streptococci 
for  an  average  human  adult.  The  experiments  lend support,  there- 
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CH.A~T 3.  Graph of Experiment 8. 
fore,  to  the  ideas  previously  advanced  on  clinical  grounds,  and  on 
the basis of test-tube experiments,  and may explain why the chronic 
respiratory tract carrier of pathogenic bacteria is so often innocuous. 
Probably the dose received by his  associates  under  ordinary  condi- 
tions  is  in  the  subcritical  zone.  The  experiments  also  explain  epi- 
demiological phenomena  such as those studied by Glover with men- 
ingitis, when it was found that a difference of 1½ feet in the spacing of 
beds in a barrack determined whether or not spread from carriers and 
consequent  clinical  cases would occur. ARTHUR  L.  BLOOMFIELD  AND  AUGUSTUS  R.  FELTY  699 
A  few experiments  were  done  with  other  varieties  of bacteria  to 
test  the constancy of the principle  which held with streptococcus. 
Staphylococcus aureus. 
A strain recently isolated from a  case of staphylococcus septicemia 
was used.  It was distinctly pathogenic  for mice  on  intraperitoneal 
injection,  although  larger  doses were necessary in order  to kill  than 
with the strains of streptococcus previously employed.  Furthermore, 
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CHART 4.  Graph of Experiment 9. 
the type of peritoneal reaction was different.  Even in animals which 
died within  18 hours after injection no overwhelming growth of bac- 
teria was found in the peritoneum, and there were always many leuco- 
cytes  which  showed evidence  of active phagocytosis.  However, re- 
sults of group infection were similar to those which have already been 
described.  Chart 5 shows the results of an experiment with Staphylo- 
coccus  aurel~$. 
Bacillus coli. 
A  stock  strain  was  found  high]y  satisfactory.  When  injected 
into a series of mice in decreasing doses very clean-cut effects were ob- 700  DOSE  OF  BACTERIA  AND  GROUP  INFECTION 
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tained.  The mice either died within 24 hours or survived, and there 
were no late deaths.  In fatal cases the peritoneal smear showed no 
cells but masses of colon bacilli; in the survivors there was abundant 
exudate  without  bacteria.  A  group  infection  experiment  (Chart  6) 
shows a  critical  point  below which  even large  doses of colon bacilli 
uniformly fail to infect. 
In summary, then,  the colon and staphylococcus experiments sup- 
port the results obtained with streptococcus. 
SUMMARY  AND  CONCLUSIONS. 
A study has been made of the peritoneal reaction in mice after 
injection of different bacteria in graded dose.  Organisms  were em- 
ployed to  which the  animals were fairly  resistant  Under these 
conditions it was found  that as the dosage was decreased a more or 
less critical point  was  reached below which infection failed to be 
initiated. 
The possible clinical bearings of this observation are discussed. 
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